Previous studies exploring specific brain functions of left-and right-handed subjects have shown variances in spatial and motor abilities that might be explained according to consistent structural and functional differences. Given the role of both spatial and motor information in the processing of temporal intervals, we designed a study aimed at investigating timing abilities in left-handed subjects. To this purpose both left-and right-handed subjects were asked to perform a time reproduction of sub-second vs. supra-second time intervals with their left and right hand. Our results show that during processing of the supra-second intervals left-handed participants sub-estimated the duration of the intervals, independently of the hand used to perform the task, while no differences were reported for the sub-second intervals. These results are discussed on the basis of recent findings on supra-second motor timing, as well as emerging evidence that suggests a linear representation of time with a left-to-right displacement.
INTRODUCTION
The literature exploring brain functions of left and right-handed subjects has shown variances in spatial and motor abilities that might be explained by consistent structural and functional differences.
In terms of visuo-spatial skills it is thought that in right-handed subjects, the right hemisphere has a prominent role in orienting attention toward the ipsi and contralateral space (Heilman et al., 1987) . This leads to an over-representation of the left hemispace in comparison to the right hemispace (Kinsbourne, 1970) . In lefthanded subjects, instead, this spatial unbalance seems to be almost absent (Sampaio and Chokron, 1992; Luh, 1995) . A possible explanation for this difference may be obtained from the hemispheric activation model (Bradshaw et al., 1986; McCourt et al., 2001; Failla et al., 2003) , which proposes that left-handed subjects have more equitably distributed visuo-spatial functions across cerebral hemispheres compared to right-handed subjects (McGlone and Davidson, 1973; Burnett et al., 1982; Vogel et al., 2003) .
Nevertheless, the behavioral studies supporting this theoretical framework are rather contrasting. In the important study of Luh (1995) researchers reported a larger leftward bias in left-handed subjects than in right-handed subjects. However, the participants were only required to use their dominant hand to give the response (the right hand for right-handed subjects vs. the left hand for left-handed subjects). Similarly, Scarisbrick et al. (1987) provided evidence for an over-representation of the left hemispace in left-handed people. These authors asked right-and left-handed subjects to perform a visual line bisection task with each hand. The data reported that left-handed subjects using their left hand deviated significantly further left than right-handed subjects using their left hand.
Other interesting results were found in studies with children. Van Vugt et al. (2000) asked two groups of children (left-handed vs. right-handed) to bisect lines presented on the left, on the right or in the central position of a computer screen. According to the result reported by Scarisbrick et al. (1987) and Luh (1995) , left-handed children showed a leftward bisection error in all hemispaces, while right-handed children displayed a left bias in the left hemispace, a right bias in the right hemispace, and no bias when the lines were presented in the center. On the other hand, there are at least two studies reporting different results. In the work of both Bradshaw et al. (1987) and Dellatolas et al. (1996) it was shown that left-handed subjects bisected horizontal lines toward the left of the objective midpoint when using the left hand, and more toward the right when using their right hand. A reversed pseudoneglect (rightward bias) was also more recently found in adult left-handed participants. Brodie and Dunn (2005) reported that left-handed participants only displayed a reversed pseudoneglect when using their preferred hand (left hand) and adopting a scan direction from right to left. Furthermore, a recent study of Begliomini et al. (2008) provides indirect evidence for a visuospatial function difference between these groups by reporting a different activity corresponding to the intraparietal sulcus (IPS), which represents a key area when attention as well as spatial updating are involved (Dehaene et al., 2003) . In particular, a higher bilateral IPS activity was evident for right-handers compared to left-handers when using the right hand during a visuo-grasping task.
These anatomo-functional findings suggest that left-and righthanded people differ in their visuo-spatial functions, although several factors such as manual response, the allocation of visual attention (scan direction), and even the type of task performed by Frontiers in Integrative Neuroscience www.frontiersin.org participants can critically affect the neural pattern and its' related behavioral outcome. Differences between left and right-handers also emerge from studies that compare the motor cortical organization of these two groups. In a seminal study (Kimura, 1993) 10 right-handed and five left-handed subjects were instructed to make repetitive opposition movements of the thumb on each of the remaining four fingers when studied with functional magnetic resonance imaging (fMRI). Results showed a hemispheric asymmetry in the functional activation of the motor cortex during contralateral and ipsilateral movements which was significantly higher in right-handed subjects.
Similarly, Solodkin et al. (2001) reported that left-handers activated larger volumes and a larger number of brain areas than right-handers, and showed significantly less brain lateralization during a sequential movement task. A lower lateralization index was furthermore reported when left-handed subjects were asked to perform unimanual/bimanual tool-use pantomimes (Vingerhoets et al., 2011) .
On the other hand, Begliomini et al. (2008) showed an increased activity corresponding to the right premotor cortex (PMC) of left-handed individuals (compared to the right-handed) when performing a grasping task with their left hand.
All these findings demonstrate consistent visuo-spatial and motor functional differences when comparing right-and lefthanded individuals.
It has been proposed that time may be represented along a leftto-right oriented mental time line, by analogy with numbers and other magnitudes, and that spatial attention plays a role in constructing this representation (Vicario et al., 2009) . Moreover there is a large number of neuroimaging studies documenting a PMC engagement during the execution of several timing tasks.
We designed a research protocol aimed at exploring whether spatial and motor specificities documented in left-handed subjects could affect their ability in detecting temporal intervals. Numerous studies have already shown that a temporal underestimation may follow a leftward manipulation of the spatial attention, and that vice-versa a temporal overestimation may follow a rightward manipulation of the spatial attention (Vicario et al., 2007 . Frassinetti et al., 2009 ). On the basis of such findings, we predicted that left-handed subjects would show a greater underestimation than right-handed subjects, in accordance with studies documenting a larger leftward bias of this group during the execution of visuo-spatial tasks (Scarisbrick et al., 1987; Luh, 1995) .
In order to investigate such processes, we submitted our participants to a motor timing task, according to the evidence reporting important differences in the cortical organization of motor and sensorimotor regions of left-handed and right-handed subjects (Solodkin et al., 2001; Begliomini et al., 2008) . This agrees with the suggestion of some potential role of sensorimotor regions in motor timing tasks (Vicario et al., 2010 (Vicario et al., , 2011 Bengtsson et al., 2005; Lewis and Miall, 2006; Jantzen et al., 2007; Wiener et al., 2010) .
Hence, we used a task engaging explicit time processing activity (Coull and Nobre, 2008) in the form of a motor response, in which subjects were asked to represent the timed duration within a sustained motor act (time reproduction task).
MATERIALS AND METHODS

PARTICIPANTS
Fourteen left-handed (five males, nine females; mean age = 26 ± 3.3 SD) and fourteen right-handed (five males, nine females; mean age = 26 ± 3.3 SD) subjects participated in the experiment. All participants reported normal or corrected-to-normal vision and no neurological abnormalities. They were selected according to the Standard Handedness Inventory (Briggs and Nebes, 1975) . Participants responded to this scale by indicating whether they use their right, left, or either hand for 12 common actions. We calculated the score for each subject by assigning a number from one to five to each response of the handedness Inventory (left = 1; usually left = 2; no preference = 3; usually right = 4; always right = 5). In order to maximize the effects of handedness on the temporal performance, we excluded ambidextrous participants and participants totalizing an inventory score >1.2 and <4.8 (left-handed participants: mean = 1.005 ± 0.022 SD, min-max range 1-1.083; right-handed participants: mean = 4.981 ± 0.049 SD, min-max range 4.83-5). All subjects gave their written informed consent prior to their inclusion in the study and were naive in relation to its purpose. Subjects were compensated with 10C for their participation, and specific information concerning the study was provided only after the subject had terminated all experimental sessions.
APPARATUS AND STIMULI
We used E-prime 1.2 software to create the visual stimuli and conduct the experiment. We used a version of the time reproduction task previously used by other authors (Jones et al., 2004; Koch et al., 2007; Vicario et al., 2010) . Subjects sat at a distance of 60 cm opposite the monitor configured to a refresh rate of 100 Hz. Subjects were asked to fixate a black cross of 0.2i n diameter, centrally located on the screen. After 500 ms, the black circle (test stimulus; size: 0.8˚× 0.1˚) appeared in the same location of the fixating cross; after a specified period, it disappeared. Immediately after the black circle disappeared, subjects were instructed to reproduce the interval they had just perceived by keeping the space bar on the computer keyboard pressed down with the index finger of their dominant hand. During such time they fixated a white screen. When they had judged that the same amount of time had elapsed, they had to release the space bar. Each session consisted in two separate and consecutive blocks. Following a study design previously adopted by other authors (Jones et al., 2004) , we chose to challenge subjects in the reproduction of five different time intervals within each of the two blocks, in order to minimize the chance of a learning process throughout the performance of the task. Therefore, one block consisted of 50 trials in which subjects estimated five sub-second intervals (500, 600, 700, 800, 900 ms) each of which was presented for 10 repetitions in a randomized order; while the other block consisted of 50 trials in which subjects estimated five supra-second intervals (1500, 1600, 1700, 1800, 1900 ms) with again 10 repetitions of each presented in randomized order. The reference stimulus was presented immediately before the test stimulus in each of the 50 trials of each block, and in both blocks the inter-trial interval was 2000 ms. The presentation order of the sub-second and the supra-second blocks Frontiers in Integrative Neuroscience www.frontiersin.org was counterbalanced within subjects in each group. Each block also consisted of two counterbalanced sessions in which participants were separately asked to perform the task by using their left or their right hand. Therefore our participants performed a total of four sessions. The performance of each subject on this task was analyzed as the mean difference expressed in milliseconds between groups. We did not test longer intervals to limit the length of the session, maintain a constant level of attention in participants, and to discourage subjects from adopting counting procedures to help themselves during the perception or reproduction of time intervals. No feedback concerning the quality of their performance was given to the subjects during the inter-trial interval.
DATA ANALYSIS
The reproduction performance in the time reproduction task was analyzed using ANOVA for repeated measures, with BLOCK (sub-second vs. supra-second) as the between-subject factor, and GROUP (left-handed subjects vs. right-handed subjects), MAN-UAL RESPONSE (left hand vs. right hand), and INTERVALS (500-900 vs. 1500-1900 ms) as within-subject factors. Reaction times (RTs) trials that fell 2.5 SDs above or below each individual mean for each experimental condition were excluded as outlier trials (sub-second block: Left-handers 2.29%; Right-handers 2.42%; supra-second block: Left-handers 2.57%; Right-handers 2.86%). Two tailed t -test analysis showed any significant between groups difference (Sub-second block t = −0.210, p = 0.836; Supra-second block t = −0.353, p = 0.729). The mean response times were fit with a linear regression (y = ax + y0), and the slope and intercept values obtained for both groups were compared. Finally, as a measure of variability, we used the coefficient of variation (CV; SD/mean response time). Post hoc comparisons were performed using the NewmanKeuls post hoc test, and for all statistical analyses, a p value of <0.05 was considered to be significant. Data analysis was performed using Statistica software, version 8.0, StatSoft, Inc., Tulsa, USA.
RESULTS
The three-way ANOVA for repeated measures on the accuracy did not detect a significant main effect of GROUP on the time reproduction task [F (1, 13) = 3.8, p = 0.074]. Likewise there was no effect of the main factor MAN- Post hoc tests showed that left-handed subjects underestimated temporal durations only for the supra-second range of intervals (p = 0.008) when compared to right-handed subjects; whereas the reproduction performance did not differ between the two groups for the sub-second range of intervals (p = 0.982; Figure 1) .
A further one-tailed t -test analysis was performed only for the supra-second block, in order to asses a possible role of the hand used to generate the temporal response. The within-subject analysis did not show significant differences among the analyzed conditions, while the between-subject analysis showed that left-handers underestimated time with both their left and right hand.
WITHIN-SUBJECT ANALYSIS
Left
Since we obtained a significant difference for the supra-second block, we tried to fit the accuracy for the supra-second intervals range with a linear regression model and looked for differences in slope or intercept (Figure 2) .
The ANOVA performed on the slope scores did not detect a significant main effect of GROUP [F (1, 13) = 0. Post hoc analysis on the interaction factors BLOCK × GROUP × INTERVALS × MANUAL RESPONSE, when using the left hand, reported that right-handers were more variable than left-handers in reproducing almost all sub-second intervals (600 ms, p = 0.003; 700 ms, p = 0.004; 800 ms, p < 0.001); however the accuracy pattern was inverted at 900 ms in which case left-handers were more variable than right-handers (p < 0.001); any difference was reported when participants reproduced intervals at 500 ms.
We observed that right-handers were also more variable than left-handers in reproducing 1500 ms (p < 0.001), but more accurate at 1700 ms (p < 0.003) and at 1900 ms (p < 0.001). Any significant differences was reported for 1600 and 1800 ms. (see Figure 3 for further details).
A similar pattern of higher variability of the right-handers was reported when using their right hand in reproducing subsecond intervals such as 500 ms (p < 0.001); 600 ms (p < 0.001), and 700 ms (p < 0.001). Any difference was reported in reproducing 800 and 900 ms. Our right-handers were more variable than left-handers even when asked to reproduce supra-second intervals (1500 ms, p < 0.001; 1600 ms, p < 0.001; 1700 ms, p < 0.001; 1800 ms, p < 0.001). However, any difference was reported at 1900 ms (see Figure 4 for further details).
DISCUSSION
The aim of the present work was to assess the ability of left-handed subjects to reproduce temporal intervals within the sub-second and the supra-second duration ranges. The rationale of our study was based on previous findings that reported substantial differences in the processing of visuo-spatial and motor information between left-handed and right-handed groups (Scarisbrick et al., 1987; Peters, 1991; Sampaio and Chokron, 1992; Luh, 1995; Rushworth et al., 1997; Solodkin et al., 2001; Begliomini et al., 2008; Vingerhoets et al., 2011) . During processing of the supra-second intervals left-handed participants sub-estimated the duration of the intervals, independently of the hand used to perform the task, while no differences were reported for the sub-second intervals. The CV analysis showed that the performances of left-handed participants were significantly less variable than right-handed participants. This result was particularly evident for the timing of sub-second intervals, though we did not detect a significant difference between groups when comparing the raw data of this temporal range. Left-handed subjects were also less variable in the timing of supra-second intervals when using their right hand to generate the temporal response.
On the other hand, for the timing of supra-second intervals the parameters of variability were much more flexible between groups when subjects were asked to use their left hand to reproduce the temporal intervals. This result may imply that the hemispheric activation associated to the limb used for generating the response has different effects on the timing variability itself. The present findings could be related to the different underlying neural circuits that are thought to be involved in the processing of sub-second and supra-second time intervals, although there are several common neural activation mechanisms involved in both temporal domains Wiener et al., 2010 Wiener et al., , 2011 . In particular, when subjects are required to quickly estimate the passage of sub-second time intervals or perform sub-second motor timing tasks, and when time is computed in relation to precise salient events, it is thought that the neural activity of the cerebellum and the superior temporal gyrus is most crucial. Conversely, the parieto-frontal circuits mainly in the right hemisphere seem to be the most implicated processing of supra-second time intervals (included motor timing tasks), and when time is processed in conjunction with other cognitive functions .
In the group of left-handed subjects the time reproduction of supra-second intervals was biased toward a sub-estimation pattern. On the other hand, left-handed subjects did not differ from controls (right-handed subjects) in the reproduction of sub-second intervals. Data from the CV analysis suggest that the variability cannot be responsible of the current sub-estimation pattern found in the left-handed participants. In fact, although the sub-estimation pattern founded in our left-handed participants can be explained in terms of a minor temporal precision (given the greater temporal gap from the real durations), the lower variability found in the performance of left-handers indicates a potential difference in the clock speed between these two groups for the timing of supra-second durations. This view is furthermore corroborated by the absence of a difference in accuracy when reproducing sub-second intervals in presence of a significant difference in the CV.
A prediction deriving from the hemispheric activation model is that the selective activation of one hemisphere by a unimanual response could result in an enhancement of the spatial representation contralateral to the cerebral hemisphere activated. Thus, in accordance with previous studies on left-handed subjects, (e.g., Bradshaw et al., 1987) who showed a leftward bias when bisecting a line with their left hand and a rightward bias when bisecting a line with their right hand, it is reasonably likely to expect a similar bias on temporal performance, depending of the hand used for responding. However, the GROUP × MANUAL RESPONSE factor was not significant. Since we did not test visuo-spatial skills in our participants, we cannot exclude a leftward bias dominance in our left-handed participants independently from the hand used for generating the temporal response. This suggestion is confirmed by the between-subject t -test analysis for accuracy reported in the current study.
Therefore the attentional orientation bias of the right hemisphere toward the left hemispace seems to be accentuated in left-handed subjects in relation to the frequency of use of their left hand in their everyday activities. This could, in turn, account for the current temporal underestimation. Indirect evidence supporting the possible impact of the attentional orientation bias of the right hemisphere toward the left hemispace on time originates from an important study by Polzella et al. (1977) . The authors of the study found that the mean judged duration of patterns flashed to the left visual field was significantly less than the mean judged duration of patterns flashed to the right visual field.
In a recent study Vicario et al. (2007) tested the effects of left vs. rightward optokinetic stimulation on time comparison tasks of stimuli presented in a central position. The main results showed that directing attention toward the right hemispace induces time overestimation, while directing it toward the left hemispace time underestimation compared to baseline . In this setting, we might hypothesize that the spatial attention leftward bias reported in the studies exploring the performance of left-handed subjects in a line bisection task (Scarisbrick et al., 1987; Luh, 1995; Van Vugt et al., 2000) , is responsible for the above-mentioned temporal sub-estimation.
An alternative -not mutually exclusive -explanation for the result we observe could be given by the functional and/or structural differences in motor and sensorimotor regions between the two groups we tested. Motor timing performance seems to depend on the degree of co-activation between the basal ganglia and the supplementary motor area (SMA), the dorsolateral prefrontal cortex, and the cerebellum (see Witt et al., 2008 for a meta analysis). Together with other brain regions, the right SMA activity seems to be particularly related to the processing of supra-second motor timing tasks (Wiener et al., 2010) . A possibility is that the current timing pattern would be related to the functional specificities concerning the SMA of left-handed subjects, as reported by Solodkin et al. (2001) . In the context of this discussion, a different explanation could be referred to the functional differences across other regions involved in the motor control. For example, there is a large number of neuroimaging studies documenting the engagement of PMC during the execution of several timing tasks. It was recently shown (Begliomini et al., 2008 ) that the right PMC activity is increased in left-handed individuals (compared to the right-handed) who were asked to perform a grasping task.
The superiority of right-handed subjects in motor tasks such as finger-tapping, which is likely related to the superiority in the neural processing of their left hemisphere, emerges from at least two neuropsychological studies (Peters, 1991; Rushworth et al., 1997) ; thus the sub-estimation bias of our left-handed group could be interpreted in terms of a lower accuracy as a consequence of the lower motor control of this group.
The language dominance hemisphere view is also in agreement with the results of the first report of lateralized differences on perceptual timing (Efron, 1963) . In his study, the author showed that for right-handers, the sensation of subjective simultaneity of a pair of lateralized stimuli (brief light flashes and cutaneous shocks were used) was felt when the stimulus delivered to the left visual field or left index finger preceded the stimulus delivered to the right side by 3-4 ms. Instead, the point of subjective simultaneity for a group of left-handers did not differ from zero. Although the hemispheric difference reported above can differentially impact the current results, other factors, such as scanning strategies and the manual response may influence the final timing outcome.
All these studies could be useful in explaining the alteration of the temporal performance in left-handed subjects as well as the direction of the bias toward sub-estimation.
To the best of our knowledge, our study is the first to explore and report differences in explicit timing tasks between left-and right-handed subjects. However, our study presents an important limitation, given our subjects performed only a time reproduction task, which do not allow an investigation of the perceptual domain that is pertinent of a different timing paradigms such as a time discrimination task.
